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Abstract²7KLV SDSHU SUHVHQWV H[SHULPHQWDO UHVXOWV IURP
IDWLJXH DQG VWDWLF ORDGLQJ WHVWV SHUIRUPHG RQ ERWK HSR[\ DQG
EUD]HZHOGHG)%*VWUDLQVHQVRUV0RVW)%*DWWDFKPHQWPHWKRGV
DUHUHODWLYHO\XQGHUVWXGLHGZLWKHSR[\WKHPRVWFRPPRQO\XVHG
/RQJFXULQJWLPHVDQGKXPLGLW\VHQVLWLYLW\GXULQJFXULQJUHQGHU
HSR[\ LQDSSURSULDWH IRU FHUWDLQ LPSOHPHQWDWLRQV 7KLV ZRUN
VKRZV WKDWDEHVSRNHEUD]HZHOGHGDWWDFKPHQWGHVLJQ LVDEOH WR
DFKLHYH D KLJKHU VWDWLF IDLOXUH OLPLW RI N1 ZKHQ FRPSDUHG WR
VWUDLQ JDXJH HSR[LHV ZKLFK IDLO DW N1 %RWK PHWKRGV
GHPRQVWUDWH KLJK IDWLJXH OLIH ZLWK QR VLJQLILFDQW GHWHULRUDWLRQ
DIWHU WZR PLOOLRQ F\FOHV(SR[\ VZHOOLQJZDVREVHUYHGZKHQ WKH
VHQVRUVZHUHKHOGDWDUHODWLYHKXPLGLW\RIDSSO\LQJaPࣅ
RI WHQVLRQ WR WKH )%* ZKHUHDV D EUD]HZHOG DWWDFKPHQW ZDV
XQDIIHFWHGE\KXPLGLW\
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)LEUH%UDJJJUDWLQJV)*%VSUHVHQWPDQ\DGYDQWDJHVRYHU
FRQYHQWLRQDO HOHFWULFDO VWUDLQ JDXJHV GXH WR WKHLU VPDOO VL]H
UREXVWQHVVLPPXQLW\WRHOHFWURPDJQHWLFLQWHUIHUHQFHDQGDELOLW\
WRPXOWLSOH[ >@)%*VDOVRERDVWD ORQJOLIHFDSDELOLW\ DQG
KDYH EHHQ XVHG H[WHQVLYHO\ IRU VWUDLQ DQG GLVSODFHPHQW
PRQLWRULQJLQPDQ\LQGXVWULHVVXFKDVFLYLOHQJLQHHULQJ>@
DHURVSDFH>@DVZHOODVRLODQGJDV>@PRVWRIZKLFKXVHHSR[\
EDVHG DWWDFKPHQW PHWKRGV ,Q SUHYLRXV ZRUN EUD]HG PHWDO
SDFNDJHG)%*V>@ZHUHXVHGWRPRQLWRUSUHVWUHVVLQFRQFUHWH
>@DQGIRUGLVSODFHPHQWPHDVXUHPHQWLQVSDOOHGFRQFUHWH>@
3ULRUWRWKLVZRUNDQRQVKRUHZLQGWXUELQHIRXQGDWLRQZLWK
YLVLEOH FUDFNV ZDV LQVWUXPHQWHG ZLWK )%* VWUDLQ VHQVRUV WR
PRQLWRU ORQJWHUP FUDFN GHWHULRUDWLRQ >@ $WWDFKPHQW
FRQVLVWHGRIHSR[\LQJ)%*VWRFDUERQVWHHODUPVDOORZLQJORQJ
JDXJHFUDFNGLVSODFHPHQWPHDVXUHPHQW,QWKHDIRUHPHQWLRQHG
ZRUN VHQVRUV ZHUH EXLOW LQ WKH ODE WKXV HSR[\ FXULQJ ZDV
SHUIRUPHG LQ D FRQWUROOHG HQYLURQPHQW ,W LV SRVVLEOH WKDW D
EUD]HZHOGDWWDFKPHQWZRXOGSURYLGHLPSURYHGFKDUDFWHULVWLFV
VXFK DV KLJKHU VWUDLQ WUDQVIHU RU ORQJHU OLIHWLPH KRZHYHU
ULJRURXV WHVWLQJ ZRXOG EH UHTXLUHG WR GHWHUPLQH WKLV
&RPSDULVRQEHWZHHQHSR[\DQGEUD]HZHOGHGDWWDFKPHQWVIRU
)%*VWUDLQPHDVXUHPHQWLVQRWZHOOGRFXPHQWHG&RPPHUFLDOO\
DYDLODEOH VHQVRU FRQVWUXFWLRQV DUH FRPSDUHG LQ >@ KRZHYHU
LQWHUQDOGHVLJQVRIWKHVHDUHFRQILGHQWLDO(IIHFWVRIKXPLGLW\RQ
WKHVH DWWDFKPHQW PHWKRGV DUH XQNQRZQ \HW WKLV LV RI JUHDW
LQWHUHVWGXHWRWKHDSSOLFDWLRQRIWKHVHQVRUV
:RUNZDVFDUULHGRXWWRGHWHUPLQHLIDEUD]HZHOGHGVHQVRU
FDQSHUIRUPWRWKHVDPHVWDQGDUGDVWKHHSR[\FRQVWUXFWLRQLQ
WHUPVRIERWKVWDWLFOLPLWDQGIDWLJXHOLIH7KHWZRFRQVWUXFWLRQV
ZHUH WKHQ WHVWHG ZLWKLQ DQ HQYLURQPHQW RI  UHODWLYH
KXPLGLW\ 5+ 7KLV HQYLURQPHQW ZDV VLPXODWHG E\ D
SRWDVVLXPQLWUDWHVROXWLRQZLWKLQDFRQWDLQHU>@
7KLVSDSHU LV VWUXFWXUHGDV IROORZV6HFWLRQSURYLGHVDQ
RYHUYLHZ RI WKH DWWDFKPHQW PHWKRGV DORQJVLGH D EULHI
LQWURGXFWLRQLQWR)%*IXQFWLRQDOLW\6HFWLRQSUHVHQWVUHVXOWV
DQGGLVFXVVLRQVRIWKHIDWLJXHDQGVWDWLFH[SHULPHQWVIROORZHG
E\DSUHVHQWDWLRQRIKXPLGLW\UHVXOWVLQ6HFWLRQ)LQGLQJVDUH
HYHQWXDOO\FRQFOXGHGLQ6HFWLRQ
,, 6(1625'(6,*16
A. Epoxy attachment 
)LJXUHGLVSOD\VDW\SLFDOHSR[\DWWDFKPHQWWKHIXOOOHQJWK
RI)%*LVJOXHGWRWKHVWHHOSODWHWRSURWHFWWKHIUDJLOHILEUH,Q
VRPHFDVHVWKH)%*LVVSRWJOXHGDWWKHHQGVRQO\KRZHYHUWKLV
OHDYHV WKHEDUH)%*H[SRVHG WR HQYLURQPHQWDO IDFWRUV)%*V
UHIOHFW D VPDOO EDQG RI ZDYHOHQJWKV FHQWUHG DURXQG WKH SHDN
%UDJJZDYHOHQJWKȜB7KLVSHDN LVGHSHQGHQWRQ WHPSHUDWXUHDQGVWUDLQDVLOOXVWUDWHGLQ(TXDWLRQ
? ? ????
+HUHǻȜ%LVWKHFKDQJHLQ%UDJJSHDNZDYHOHQJWKȜ%KࣅDQGK7DUH VWUDLQ DQG WHPSHUDWXUH FRHIILFLHQWV UHVSHFWLYHO\ ׫ LV WKH
VWUDLQEHWZHHQ)%*HQGVDQGT LV WHPSHUDWXUH$VHFRQGXQ
ERQGHG)%* LVXVXDOO\XVHGIRU WHPSHUDWXUHFRPSHQVDWLRQ LQ
RUGHUWRLVRODWH׫ >@
B. Braze-welded attachment 
6LPLODUO\WR>@WKHEUD]HZHOGHGGHVLJQFRQVLVWVRIDPHWDO
FRDWHG)%*ZLWKLQDNRYDUFDSLOODU\EUD]HGEHWZHHQWZRPHWDO
)LJ (SR[\DWWDFKHG)%*

????? ? ?? ?????
)%*
)LJ %UD]HZHOGHGDWWDFKHG)%*
VKLPV ,Q WKLVZRUN WKHPP WKLFN FDUERQ VWHHO VKLPV DV
UHSRUWHG LQ >@ ZHUH UHSODFHG ZLWK  PP WKLFN PDJQHWLF
VWDLQOHVVVWHHO066SODWHVDVWKHVHQVRUVZHUHZHOGHGWRDIODW
VXUIDFH 7KLV SURYLGHG DGGLWLRQDO FRUURVLRQ SURWHFWLRQ 7KH
FDSLOODU\OHQJWKRIPPZDVLQFUHDVHGWRPPWRSURYLGHD
JUHDWHUFDSLOODU\VKLPERQGLQJDUHD±FRPSHQVDWLQJIRUWKHORVV
RIaDWWDFKPHQWIURPEHQGLQJWKHVKLPDURXQGWKHFDSLOODU\
7KHDSSOLHGFDSLOODU\KDGDQ,'2'RIPP
 7KH EUD]LQJ SURFHVV FRQVLVWV RI FHQWUDOO\ SRVLWLRQLQJ WKH
)%* ZLWKLQ WKH NRYDU FDSLOODU\ 7R PLQLPLVH SRVVLELOLW\ RI
EUD]LQJGHIHFWVDQGWRUHGXFHH[SRVXUHWLPHRIWKH)%*WRKLJK
WHPSHUDWXUH WKHVKLPFDSLOODU\DQGILEUHDUHEUD]HGWRJHWKHU
6WRSRII EUD]LQJ SDVWH LV DSSOLHG WR WKH VKLP WR UHVWULFW WKH
EUD]LQJ DUHD RI WKH VLOYHUEDVHG EUD]LQJ SDVWH 7KH HQWLUH
HQVHPEOHLVEUD]HGXVLQJDQLQGXFWLRQFRLODVSUHVHQWHGLQ>@
5HSHDWLQJ IRU WKH VHFRQG VKLP DQG VSRW ZHOGLQJ XVLQJ DQ
HOHFWULFDOUHVLVWDQFHVSRWZHOGHUFUHDWHVWKHVHQVRULOOXVWUDWHGLQ
)LJ7KHVKLPVZHUHVTXDUHVRIOHQJWKHTXDOWRWKHVWHHOSODWH¶V
ZLGWKRIPP7KHGLVWDQFHLQEHWZHHQVKLPVZDVWKHUHIRUH
aPP
,,, /2$',1*(;3(5,0(17
)%*VZHUHDWWDFKHGWRDVWDLQOHVVVWHHO66SODWHRIPP
OHQJWKPPZLGWKDQGPPWKLFNQHVV)RXUFRPPRQO\XVHG
VWUDLQ JDXJH HSR[LHV ZHUH WHVWHG GXULQJ WKLV H[SHULPHQW
0%21' $( 0% DQG (SRWHN  ( ZHUH URRP
WHPSHUDWXUH FXUHG IRU  KRXUV (SRWHN 1' ( ZDV
FXUHGDW&IRUPLQXWHVDQG(SRWHN2*(89ZDV
FXUHGE\ 89 OLJKW VRXUFH IRU  PLQXWHV7ZR IXUWKHU )%*V
ZHUHDIIL[HGZLWK0%0%	0%IRUPRUHGHWDLOHGDQDO\VLV
DVWKLVZDVDSSOLHGIRUWKHVLWHLQVWDOODWLRQLQ>@7ZR)%*V
ZHUHEUD]HZHOGHG%:	%:±)LJSURYLGLQJDWRWDORI
VHYHQ)%*EDVHGVWUDLQJDXJHGHVLJQV
A. Fatigue 
,QLWLDOWHVWLQJFRQVLVWHGRIVLQXVRLGDOF\FOLQJDW+]RQDQ
,QVWURQ  VHUYRK\GUDXOLF PDFKLQH 2QH PLOOLRQ F\FOHV
SHUIRUPHG RI  N1 WURXJKSHDN ORDGLQJ RQ WKH 66 SODWH
FRUUHVSRQGLQJWRDVWUDLQRIPࣅEHIRUHDIXUWKHURQHPLOOLRQ
F\FOHVZHUHSHUIRUPHGDWN1FRUUHVSRQGLQJWRDVWUDLQRI
Pࣅ 7KH IRUPHU LV HTXLYDOHQW WR WKH PD[LPXP VWUDLQ ZH KDYH
PRQLWRUHG LQ RXU SUHYLRXV VWXGLHV RI FUDFN GLVSODFHPHQWV LQ
FRQFUHWHIRXQGDWLRQV>@
$Q))7ZDVXVHGWRH[WUDFWWKH+]ORDGLQJF\FOHIURPWKH
VHQVRUGDWD8VLQJWKH))7PDJQLWXGHSURYLGHGDQLQGLFDWLRQRI
WKHVWUDLQWUDQVIHUIRUHDFKVHQVRURYHUWLPH)LJXUHFRQWDLQV
ERWK F\FOHV ZLWK WKH DPSOLWXGH RI WKH  +] ORDGLQJ VLJQDO
DSSDUHQWLQVHQVRUGDWD±ODUJHUDPSOLWXGHLQGLFDWHVKLJKHUVWUDLQ
WUDQVIHU ZKHUHDV FRQVWDQF\ VXJJHVWV QR SHUIRUPDQFH
GHJUDGDWLRQ RYHU WLPH 8SRQ FRQYHUWLQJ WKH FKDQJH LQ
ZDYHOHQJWKWRVWUDLQXVLQJHTXDWLRQLWLVVHHQWKDWDOOVHQVRUV
)LJ )DWLJXHF\FOHVRIDOOVHQVRUVVKRZLQJWKHSHDNDPSOLWXGHZDYHOHQJWK
RIWKH+]VLJQDODSSDUHQWLQVHQVRUV'RXEOLQJWKHVHDPSOLWXGHVSURYLGHVWKH
SHDNWRSHDNUHVSRQVHRIVHQVRUWRORDGVN1DQGN1
KDYH VWUDLQ WUDQVIHUV EHWZHHQ  DQG  +RZHYHU WKLV LV
DVVXPLQJVWUDLQ WUDQVIHUEHWZHHQPDFKLQHDQG66SODWH
LHQRVOLSSDJHDQGWKDWQREHQGLQJRFFXUUHGLQWKHSODWH,WLV
H[SHFWHGWKDWORVVHVZLOORFFXUIURPERWKDVSHFWVDQGWKXVVWUDLQ
WUDQVIHUZLOOEHKLJKHU)RUWKLVZRUNWKHFRQVWDQF\RIWKHVWUDLQ
WUDQVIHU LV PRUH LPSRUWDQW DV LW LQGLFDWHV IDWLJXH GDPDJH
RFFXUULQJWRDQ\VHQVRU1RWHWKHIROORZLQJLQWHUHVWLQJHIIHFWV
LQ OLQHDU HODVWLF V\VWHPV GRXEOLQJ WKH ORDG VKRXOGGRXEOH WKH
VWUDLQ RU VOLJKWO\ OHVV LI WKHUHDUHQRQOLQHDU VWUDLQ ORVVHV$OO
VHQVRUVH[FHSW(89EHKDYHGWKLVZD\ZLWK(89LQFUHDVLQJE\
a WLPHV7KLV VXJJHVWV SODVWLF GHIRUPDWLRQ RU ³VWUHWFKLQJ´
PD\KDYHRFFXUUHG LQ WKLV HSR[\ EXW UHTXLUHV IXUWKHU WHVWLQJ
%RWKZHOGHGVHQVRUVVKRZHGYHU\VPDOOYDULDWLRQQP
GXULQJ WHVWV ZKLFK FRXOG LPSO\ QRQXQLIRUP DWWDFKPHQW LQ
ZHOGLQJ
)LJ 6WDWLFIDLOWHVWVKRZLQJOLPLWRIHDFKDWWDFKPHQWPHWKRG
)%*
%UD]LQJ
PDWHULDO
.RYDU
FDSLOODU\
6SRWZHOG )ORZFRQWUROPDWHULDO
B. Static 
)ROORZLQJ WKH IDWLJXH H[SHULPHQW WKH 66 SODWH ZDV
WHQVLRQHGXQWLOIDLOXUH7KHSXUSRVHRIZKLFKZDVWRGHWHUPLQH
WKH VWDWLF OLPLW RI DWWDFKPHQW PHWKRGV )LJXUH  VKRZV WKH
UHVXOWV%RWKZHOGHGVHQVRUVIDLOHGGXHWRFDSLOODU\EUHDNDW
N1ZKHUHDVDOOHSR[LHVIDLOHGGXULQJWKHORQJN1SHULRG7KH
KLJKVWUDLQVZLWQHVVHGDWWKHVHIRUFHVGXHWRGHIRUPDWLRQRIWKH
66 SODWH DUH PXFK KLJKHU WKDQ ZRXOG EH H[SHFWHG GXULQJ
RSHUDWLRQ +RZHYHU WKLV VKRZFDVHV WKDW WKH EUD]HZHOGHG
GHVLJQLVDEOHWRZLWKVWDQGDKLJKHUVWUHVVEHIRUHIDLOLQJDQGWKXV
SURYLGHVDVWURQJHUERQG
,9 +80,',7<(;3(5,0(17
)RU WKH SUHYLRXV ZRUN GLVFXVVHG LQ >@ WKH VHQVRUV DUH
IXQFWLRQLQJIRUORQJSHULRGVXQGHUJURXQGDQGDUHWKXVVXEMHFWHG
WR KLJK KXPLGLW\ OHYHOV 3ULRU WR WKLV H[SHULPHQW EDUH )%*V
ZHUHWHVWHGDWKLJKKXPLGLW\DQGGLVSOD\HGQRSHDNZDYHOHQJWK
VKLIWV 7ZR VHQVRUV RQH EUD]HZHOGHG DQG RQH HSR[LHG ZLWK
( ZHUH DWWDFKHG WR  PP VWHHO SODWHV 7KHVH WZR
DWWDFKPHQW PHWKRGV ZHUH FKRVHQ GXH WR WKHLU VLPLODU
SHUIRUPDQFHGXULQJWKHIDWLJXHH[SHULPHQW)LJ7KH)%*V
ZHUHWKHQWHPSHUDWXUHF\FOHGWRUHPRYHDQ\UHOD[DWLRQHIIHFWV
DQGWRGHWHUPLQHWKHWHPSHUDWXUHFRHIILFLHQWVKT7KHVWUDLQVHQVRUVZHUHPDQXDOO\VWUDLQHGE\PHDQVRIEHQGLQJWRDURXQG
Pࣅ ZLWKLQ D FKDPEHU FRQVLVWLQJ RI D SRWDVVLXPQLWUDWH
VROXWLRQ SURYLGLQJ D UHODWLYH KXPLGLW\ RI  DW & >@
)LJXUH  VKRZV VHQVRU UHVSRQVH RYHU  KRXUV VXEMHFWHG WR
5+ 6HQVRUV ZHUH WHPSHUDWXUH FRPSHQVDWHG XVLQJ D
WKHUPRFRXSOHRI&DFFXUDF\
)LJ (IIHFWRIKXPLGLW\RQHSR[\DQGEUD]HZHOGHGDWWDFKHG)%*V3OHDVH
QRWH WKH OLPLWV  QP IRU HSR[\ DQG  QP IRU EUD]HZHOGHG
+\JURPHWHUDFFXUDF\
5HVXOWV VKRZ WKH HSR[\ VZHOOHG ZLWKLQ WKH KLJK KXPLGLW\
DSSO\LQJ WHQVLRQ WR WKH)%*RIaPࣅ aQPFKDQJH7KH
EUD]HZHOGHG FRQVWUXFWLRQ H[KLELWHG PLQLPDO FKDQJH LQ
ZDYHOHQJWKRYHUWLPHQPZLWKVRPHYDULDWLRQSHUKDSV
GXHWRWHPSHUDWXUHFRPSHQVDWLRQHUURUV
9 &21&/86,21
,QWKLVSDSHUZHKDYHSUHVHQWHGDQH[SHULPHQWDOFRPSDULVRQ
EHWZHHQ WZR DWWDFKPHQW PHWKRGV IRU )%* VWUDLQ JDXJHV $
EHVSRNH EUD]HZHOGHG GHVLJQ RXWSHUIRUPHG FRPPRQO\ XVHG
VWUDLQJDXJHHSR[LHVGXULQJDVWDWLF IDLOXUH WHVW%RWKPHWKRGV
VKRZHG QR GHFD\ GXULQJ D WZR PLOOLRQ F\FOH IDWLJXH WHVW $
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